I. Introduction
The present authors previously found that in Fe-high Ni-C alloys the martensite morphology changes from a lenticular to a thin plate type even in the same alloy as the Ms temperature (or the formation temperature of martensite induced by deformation) is decreased [l-41. The thin plate martensite is characterized by a highly smooth and planar interface and the absence of a midrib, and transformation twins in this martensite plate completely extend from one interface to the other, whereas the lenticular martensite is partially twinned with midrib [I-51. One of the present authors [6] has suggested that the interface of thin plate martensite in Fe-Ni-C alloy remains glissile and the transformation is somewhat reversible, although not typically thermoelastic. Recently, Umemoto and Wayman [ 7 ] have found that the morphology of martensite in Fe-&25at%Pt alloys changes from lenticular to thin plate with an increase in degree of order of austenite (and thus with decrease in Ms temperature) and only the thin plate martensite exhibits thermoelastic transformation. This indicates that the thin plate morphology is necessary condition for thermoelastic transformation.
It has been generally considered that the small volume change accompanying martensitic'transformation and the ordering of austenite are important in athermoelastic transformation. Thus, in the present study, the possibility of thermoelastic transformation (and hence the formation of thin plate martensite) in Fe-Ni-Ti-Co martensite has been examined. This alloy system was selected by expecting the small volume change due to Inver effect by addition of Co to Fe-Ni alloy [ 8 ] , and the ordering effect of austenite to some extent due to precipitation of coherent fine ordered (fcc Cu3Au type) y'-Ni3Ti by addition of Ti to Fe-Ni alloy [9] . The purpose of this paper is to show that Fe-31%Ni-3%Ti-lO%Co alloy exhibits the thin plate martensite even in as-solution treated condition and the formation temperature of thin plate martensite is markedly increased by ausaging, while Fe-31%Ni-3%Ti alloy exhibits only lenticular martensite in both solution treated and ausaged specimens. Furthermore, it is briefly reported that the thin plate martensite in Fe-Ni-Ti-Co alloy exhibits a fairly good shape memory effect although the martensite is not typically thermoelastic.
11. Experimental procedure 3.24% Ti and 0.0009% C were prepared by vacuum induction melting. After hot forging and homogenization at 1473 K for 180 ks, specimens were cold rolled to sheets of 1-3 mm thick. Specimens were solution treated at 1473 K for 3.6 ks in vacuum furnace and water quenched. Both alloys were austenitic even at room temperature after solution treatment. These were heated (ausaged) at various temperatures from 773 to 1173 K for 3.6 ks or various times (0.3-3.6 ks) at 973 K, and then water quenched. Ms temperature was determined by electrical resistivity change during cooling from room temperature to liquid nitrogen temperature. Martensite structure was observed by means of optical and transmission electron microscopy. Austenite hardness in variously ausaged specimens was measured with micro-vickers hardness tester. In some specimens, lattice parameters of austenite and martensite were measured at various temperatures by X-ray diffractometer with a cold stage of specimen. Fig. 1 shows the change in Ms temperature with ausaging at various temperatures for 3.6 ks in both alloys. For Fe-Ni-Ti alloy, as the aging temperature is increased, Ms temperature decreases first and increases and then again decreases. This is consistent with results previously reported in Fe-Ni-Ti alloys 191. On the other hand, for Fe-Ni-Ti-Co alloy, Ms temperature simply increases and then decreases as the ausaging temperature is increased. In both alloys, the Ms becomes maximum when specimens are aged at 1073 K for 3.6 ks (the austenite hardness also becomes maximum at this temperature). When specimen is heated at 1173 K, the Ms (and also austenite hardness) becomes almost the same as the solution treated specimen since no precipitation occurs at this temperature. In Fig. 1 , the martensite morphology is also indicated by the open mark (lenticular) and solid mark (thin plate). Fig. 2 shows examples of optical micrographs of martensite in solution treated and ausaged specimens. For the solution treated specimen in Fe-Ni-Ti alloy, the lenticular martensite is formed ( Fig. 2(a) ). In this alloy, all the specimens ausaged at 973, 1073 and 1173 K for 3.6 ks exhibit the lenticular martensite. On the other hand, in Fe-Ni-Ti-Co alloy, the solution treated specimen exhibits the thin plate martensite ( Fig. 2(b) ).
Results and discussion
Furthermore, it is to be noted that the martensite in the specimen ausaged at 873 K for 3.6 ks is thin plate as shown in Fig. 2 (c) despite a fairly high Ms temperature. When the specimen is ausaged at 973 K for 3.6 ks, martensite morthin plate 0 bnlicular phology changes to lenticular ( Fig. 2(d) ), in which although the interface of martensite is fairly smooth, the martensite is lenticular because the clear midrib exists in the plate. It is seen that transformation twins in the thin plate martensite completely extend from one interface to the other and no midrib is observed ( Fig. 3 ( a ) ) . In the case of lenticular martensite, transformation twins locally exist in the vicinity of midrib ( Fig. 3(b) ).
In the case of the 873 K-3.6 ks ausaged specimen, although ordered spots due to y ' precipitates were observed in the diffraction pattern of austenite matrix, y' particles were not detected in martensite image and fcc spots of y' were not observed in the diffraction pattern taken transformation of matrix. On the other hand, in the case of the 973 K-3.6 ks ausaged specimen, y' fine particles inherited from austenite were ob- Fig. 1 Change in Ms temperature served in the martensite structure and fcc spots and martensite morphology due to y' precipitates were observed in the sewith ausaging temperature.
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3.6ks (Ms=326K), water quenched to R.T. indicating that y / precipitates remain fcc structure in martensite. Fig. 4 shows change in the austenite hardness, Ms temperature and martensite morphology with ausaging time at 973 K in both alloys. Austenite hardness is gradually increased with an increase in aging time for both alloys. The addition of Co to Fe-Ni-Ti alloy increases the austenite hardness in both solution treated and ausaged condition. As the aging time is increased, Ms temperature decreases at early stages of ausaging and then gradually increases in the case of Fe-Ni-Ti alloy and simply increases in the case of Fe-Ni-TiCo alloy as similar way as Fig. 1 , It is to be noted that the thin plate martensite forms even at fairly high Ms temperature (e-g., 283 K for the 1.8 ks aging) in FeNi-Ti-Co alloy, whereas the lenticular martensite forms at any Ms temperatures (even at low Ms, e.g., 83 K for the 0.3 ks aging) in Fe-Ni-Ti alloy.
In this study, the solution treated specimen (Ms = 83 K) and the 873 K-3.6 ks ausaged specimen (Ms = 193 K) in Fe-Ni-TiCo alloy were tensile deformed at various temperatures above Ms to produce the martensite and the morphology of deformation-induced martensite was observed. Fig. 4 Change in austenite hardness, Ms treated specimen which deformed in tension by 5% at 153 K. It appears that the deformation-induced martensite formed at 153 K is the lenticular one although the thermally transformed martensite formed at 77 K (just below M , ) is the thin plate martensite (Fig. 2(b) ).
When the solution treated specimen was deformed at 123 K, both lenticular and thin plate martensites coexisted. These results indicate that the morphology change from lenticular to thin plate occurs at about 123 K in the solution treated specimen in Fe-Ni-Ti-Co alloy. In the case of the 873 K-3.6 ks ausaged specimen (Ms = 193 K), the morphological transition temperature was found to be about 288 K. This temperature of morphological transition is high in comparison with those of other alloys reported, i.e., about 173 K for Fe-high Ni-0.8%C [1, 3] and about 253 K for the ordered Fe-Pt alloys [7] . Fig. 6 is the summary of the morphology of thermally transformed (just below M , ) and deformation-induced martensites in both alloys. It is evident that the addition of Co to Fe-Ni-Ti alloy results in the formation of thin plate martensite and the ausaging in Fe-Ni-Ti-Co alloy markedly increases the morphological transition temperature from lenticular to thin plate.
The transformation volume change at Ms temperature and the tetragonality of martensite in some specimens were measured from lattice parameters determined by mainly (311) and {2111,1 peaks and results obtained are listed in Table 1 . The tetragonality ol! martensite was observed even in the solution treated (water quenched) specimens in both alloys, indicating that the formation of yf in austenite could not be suppressed even by water quenching. It is to be noted that the tetragonality of solution treated specimen in Fe-Ni-Ti-Co alloy is larger than that of Fe-Ni-Ti alloy. This suggests that the addition of Co accelerates the reaction of y f precipitation. The tetragonality is markedly increased with ausaging in Fe-Ni-Ti-Co alloy.
In the case of thin plate martensite, the martensite is completely twinned and the accomodation slip hardly occurs in the austenite 11, 3, 6] , suggesting that the austenite elastically accommodates the shear and volume strain accompanying the transformation. On the other hand, in the case of lenticular martensite, the martensite is partially twinned and the surrounding austenite is deformed. Therefore, the appearance of thin plate martensite must be closely related with the easiness of twin formation and the accomodation behavior in surrounding austenite. Since a high tetragonality corresponds to a small twinning shear magnitude, low magnitude of shape Fe-31Ni-3Ti-1OCo
can be considered that a high tetragonality is favorable for thin plate martensite. Actually, in the present alloy, thin plate martensite was formed when the tetragonality was fairly high as can be seen in Table 1 . Furthermore, it should be emphasized that all of the thin plate martensite reported so far have a fairly high tetragonality (i.e., Fe-Ni-C, Fe-7% A1-2.O%C 1101 and ordered Fe-Pt 17,111). Therefore, the tetragonality should be an important factor in the appearance of thin plate martensite. However, although the tetragonality in Fe-Ni-Ti martensite is also expected to be increased with ausaging (not observed in the present study), the martensite formed was not the thin plate but the lenticular. Furthermore, the martensite morphology usually varies with the formation temperature from lenticular to thin plate at the transition temperature even in the same specimen as described above. However, it seems that the tetragonality of martensite does not chanee so laree with the formation tem- change might be also favorable for the formation of thin plate martensite because the small volume change reduces the accommodation slip in surrounding austenite. Actually, as shown in Table 1 , the solution treated specimen in Fe-Ni-Ti-Co alloy shows a very small volume change (+O.11%) as is expected, and exhibits the thin plate martensite, whereas the volume change in solution treated specimen in Fe-Ni-Ti alloy is large (+2.24%) and the lenticular martensite forms. However, it was found that the specimen which was ausaged at 873 K for 3.6 ks in Fe-Ni-Ti-Co alloy shows a fairly large volume change (+1.70%), but exhibits the thin plate martensite. Then, it can be concluded that the volume change is also not the dominant factor in the formation of thin plate martensite.
As another important factor, the strength of austenite should be considered because the accommodation of austenite is difficult to occur in high strength austenite. As is shown in Fig. 4 , the addition of Co to Fe-Ni-Ti alloy increases the austenite hardness in both solution treated and ausaged condition, and the thin plate martensite was observed only in Fe-Ni-Ti-Co alloy. This probably indicates that the Fig. 6 , the morphological transition temperature is increased with ausaging. This   Fig, 7 Shape memory effect in Fe-Ni-Ti-Co and is also at least partially attributed to the increase in Fe-Ni-Ti alloys.
the strength of austenite. It is considered from the present results that the formation of thin plate martensite is not controlled by a single dominant factor but results from the mutual contribution of various factors such as tetragonality of martensite, austenite strength, volume change and so on. All of these factors generally become favorable for the formation of thin plate martensite by the addition of Co to Fe-Ni-Ti alloy and by the ausaging.
Finally, it should be pointed out that the thin plate martensite in the present Fe-Ni-Ti-Co alloy exhibits a good (but not complete) shape memory effect in both solution treated and ausaged condition whereas the lenticular martensite in Fe-Ni-Ti alloy hardly exhibits a shape memory effect. An example is shown in Fig. 7 . It was found that the degree of shape memory effect was enhanced by ausaging in Fe-Ni-Ti-Co alloy. It is interesting that the thermal hysteresis (i.e., the temperature difference between Ms and As) of the thin plate martensite is small (about 150-300 K) in comparison with that of lenticular martensite (about 400 K), and the thermal hysteresis in the thin plate martensite was decreased by the ausaging. The thermal hysteresis of the present thin plate martensite is still large in comparison with that of the typical thermoelastic thin plate martensite in Fe-&25at%Pt alloys. However, the thin plate martensite in the present alloy showed the gradual growth (thickening) on cooling [1, 3] , indicating that the interface of this martensite is glissile. Therefore, there is the possibility that thin plate martensite in the present alloy shrinks by backward movement of interface on heating as with a typical thermoelastic martensite in Fe-Pt alloy. The reverse transformation behavior is now being studying in detail.
